Abstract-We propose to operate massive multiple-input multiple-output (MIMO) cellular base stations (BSs) in unlicensed bands. We denote such systems as massive MIMO unlicensed (mMIMO-U) ones. We design the key procedures required at a cellular BS to guarantee coexistence with nearby Wi-Fi devices operating in the same band. In particular, spatial reuse is enhanced by actively suppressing interference toward neighboring Wi-Fi devices. Wi-Fi interference rejection is also performed during an enhanced listen-before-talk phase. These operations enable Wi-Fi devices to access the channel as though no cellular BSs were transmitting, and vice versa. Under concurrent Wi-Fi and BS transmissions, the downlink rates attainable by cellular user equipment (UEs) are degraded by the Wi-Figenerated interference. To mitigate this effect, we select a suitable set of UEs to be served in the unlicensed band accounting for a measure of the Wi-Fi/UE proximity. Our results show that the so-designed mMIMO-U allows simultaneous cellular and Wi-Fi transmissions by keeping their mutual interference below the regulatory threshold. Compared with a system without interference suppression, Wi-Fi devices enjoy a median interference power reduction of between 3 dB with 16 antennas and 18 dB with 128 antennas. With mMIMO-U, cellular BSs can also achieve large data rates without significantly degrading the performance of Wi-Fi networks deployed within their coverage area.
I. INTRODUCTION

I
N VIEW of the ever increasing mobile data demand, the wireless industry has turned its attention to unlicensed spectrum bands, e.g., 5 GHz, to provide extra frequency resources for the fifth generation (5G) cellular networks [2] - [5] . In 5G communication systems, licensed-unlicensed integration may allow mobile operators to serve more users via traffic offloading and/or to enhance their peak data rate through carrier aggregation. Besides, standalone unlicensed technologies may unlock new vertical markets and their corresponding revenues. On the other hand, harmonious coexistence with other technologies working in the unlicensed spectrum, such as IEEE 802.11x (Wi-Fi), must be guaranteed [6] - [8] . This is because Wi-Fi systems rely on a contention-based access with a random backoff mechanism, i.e., carrier sensing multiple access/collision avoidance (CSMA-CA) [9] . Therefore, Manuscript received December 14, 2016; revised February 22, 2017;  accepted February 22, 2017 . Date of publication March 27, 2017 ; date of current version June 1, 2017 . This paper was presented at the 2017 IEEE International Conference on Communications [1] .
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Digital Object Identifier 10.1109/JSAC.2017.2687658 cellular base stations (BSs) transmitting continuously over unlicensed bands would produce harmful interference and generate repeated backoffs at the Wi-Fi nodes.
A. Background and Motivation
Two main approaches are currently under consideration by network operators to exploit the unlicensed band and guarantee coexistence between cellular BSs and Wi-Fi devices. Both augment an existing licensed band interface with supplemental unlicensed band downlink transmissions.
1) Long Term Evolution Unlicensed (LTE-U):
LTE-U uses carrier-sensing adaptive transmission (CSAT) and it is mainly targeted at the United States market, where channel sensing operations prior to transmission are not required [10] . With CSAT, cellular BSs interleave their transmissions with idle intervals, which allow Wi-Fi devices to access the channel [11] , [12] . For example, a cellular BS may access the channel at every other frame boundary, i.e., transmitting for a 10ms frame, then leaving the channel idle for the next 10ms frame, etc., thus yielding a 50% on-off duty cycle. As a result, every channel use gained by the cellular BS comes at the expense of idle periods at the Wi-Fi devices.
2) Licensed Assisted Access (LAA): In LAA, cellular BSs sense the channel activity via energy detection, and they commence a transmission in the unlicensed band only if the channel is deemed free for a designated period of time [13] , [14] . Such channel sensing operation, denoted as listen before talk (LBT), is mandatory in some regions, e.g., Europe and Japan [15] , [16] . Similarly to the random access procedure used by Wi-Fi devices, LBT employs random backoff intervals and a variable exponentially distributed contention window size. The latter is recommended by the 3GPP as the baseline approach for downlink transmissions to guarantee a fair sharing of time resources with Wi-Fi devices [17] .
While ensuring coexistence, both LTE-U/CSAT and LAA/LBT are based on discontinuous transmission, i.e., neither allows simultaneous usage of the unlicensed spectrum by both cellular BSs and Wi-Fi devices when their coverage areas overlap. This may be a conservative approach in certain scenarios, mostly when multiple antennas are available. In fact, multiple antennas could be used by cellular BSs to increase spatial reuse and provide additional throughput without diminishing the Wi-Fi data rates.
B. Approach and Contributions
We propose massive multiple-input multiple-output (MIMO) as a means to enhance coexistence, while 0733-8716 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. maximizing spectrum reuse in the unlicensed band. Massive MIMO has recently emerged as one of the potential disruptive technologies for the 5G wireless systems, where cellular BSs are envisioned to be equipped with a large number of antennas [18] - [22] .
In this paper, we consider a downlink massive MIMO system operating in the unlicensed band. We refer to this system as massive MIMO unlicensed (mMIMO-U).
In the proposed system, a subset of the spatial degrees of freedom (d.o.f.) provided by the large number of antennas are employed to suppress the mutual interference between each massive MIMO BS and the Wi-Fi devices operating in its neighborhood. This allows massive MIMO BSs and Wi-Fi devices to access unlicensed bands simultaneously, thus increasing the network spatial reuse. The remaining spatial d.o.f. are used by the massive MIMO BS to multiplex multiple data streams. The present work is expected to advance the understanding of 5G cellular networks operating in the unlicensed spectrum, where newly deployed massive MIMO and existing Wi-Fi systems may coexist. On the basis of the key principles of both technologies, we identify the rich research opportunities and tackle the fundamental challenges that arise when operating massive MIMO in the unlicensed band. Our contributions can be summarized as follows.
• Scheduling: We discuss the operations required for a massive MIMO cellular BS to: (i) acquire channel state information from the neighboring Wi-Fi devices, (ii) allocate spatial resources for Wi-Fi interference suppression and user equipment (UE) multiplexing, and (iii) select a suitable set of UEs to be served in the unlicensed band.
• Transmission: We devise the key transmission operations of a mMIMO-U system, including (i) an enhanced LBT phase, (ii) procedures for UE pilot request and channel estimation, and (iii) precoder calculation. In all of the above phases, the large number of BS antennas is exploited to suppress interference to/from neighboring Wi-Fi devices, so that cellular/Wi-Fi coexistence is improved.
• Performance: We evaluate the performance of the proposed mMIMO-U operations in scenarios of practical interest. We show that mMIMO-U significantly reduces mutual interference between massive MIMO cellular BS and Wi-Fi devices, while multiplexing a number of data streams. As a result, large cellular data rates can be achieved without significantly degrading the performance of Wi-Fi networks deployed within the coverage area of a massive MIMO cellular BS. Notations: Capital and lower-case bold letters denote matrices and vectors, respectively. The superscripts [X] * , [X] T , and [X] H denote conjugate, transpose, and conjugate transpose, respectively. The notation X denotes an approximation or estimate of X. The subspace spanned by the columns of X and its orthogonal subspace are denoted range{X} and null{X}, respectively. Given a set X , card{X } denotes its cardinality.
II. SYSTEM SET-UP
We now provide a general introduction to the network topology and channel model used in this paper. More details on the specific parameters used for our numerical studies will be given in Section V.
A. Network Topology
We consider the downlink of a cellular network, as shown in Fig. 1 , where massive MIMO cellular BSs are deployed to operate in the unlicensed band in a synchronous manner, and communicate with their respective sets of connected cellular UEs, while multiple Wi-Fi devices, i.e., access points (APs) and stations (STAs), also operate in the same unlicensed band. It is important to note that even if cellular BSs may also have access to a licensed band, this paper will focus on cellular BS operations and transmissions in the unlicensed band.
On the cellular side, we denote by I the sets of cellular BSs, and assume that all cellular BSs transmit with power P b . Cellular UEs associate to the cellular BS that provides the largest average received power. Each BS i is equipped with a large number of antennas N, and it simultaneously serves K i of its associated UEs, K i ≤ N, on each time-frequency resource block (RB) through spatial multiplexing. Each UE has a single antenna. We denote K i the set of UEs served by BS i in the unlicensed band. It is important to note that while the total number of associated UEs is determined by the UE density and distribution as well as the nature of traffic, the value of K i can be chosen adaptively by BS i via scheduling operations.
On [9] , and assume that all Wi-Fi devices transmit with power P . STAs associate to the Wi-Fi AP that provides the largest average received power. Each AP is equipped with a single antenna, and serves one STA at the time. Each STA has a single antenna.
B. Channel Model
All propagation channels are affected by slow fading (comprising antenna gain, path loss, and shadowing) and fast fading, as detailed in Section V. We adopt a blockfading propagation model, where the propagation channels are assumed constant within their respective time/frequency coherence intervals [23] .
Without loss of generality, and assuming a single antenna for all UEs and Wi-Fi devices, we define the following variables for a given time/frequency coherence interval:
between BS i and UE k in cell j ;
denotes the channel vector between BS i and Wi-Fi device ;
• q j k = q j kq j k ∈ C denotes the channel coefficient between Wi-Fi device and UE k in cell j . In the above, the coefficientsh i j k ∈ R + ,ḡ i ∈ R + , and q j k ∈ R + represent the respective slow fading gains, which are assumed constant. The coefficientsh i j k ∈ C N×1 ,g i ∈ C N×1 , andq j k ∈ C contain the respective fast fading, which varies at every time/frequency coherence interval.
Without loss of generality, we also assume the same symbol duration for cellular and Wi-Fi transmissions. Thus, the signal y ik [m] ∈ C received by UE k in cell i at symbol interval m can be expressed as (1), shown at the bottom of this page, where
is the thermal noise. The five terms on the right hand side of (1) respectively represent: useful signal, intra-cell interference from the serving BS, inter-cell interference from other BSs, interference from Wi-Fi devices, and thermal noise.
The resulting signal to interference plus noise ratio (SINR) ν ik at UE k in cell i is obtained via an expectation over all symbols, and it is given by (2) , shown at the bottom of this page.
The corresponding interference power I :→ [m] received at Wi-Fi device due to cellular downlink operations is given by
Each Wi-Fi device deems the channel as occupied and defers from transmission when the total received power, i.e., from all cellular BSs and all other Wi-Fi devices, falls above the regulatory threshold γ LBT .
III. MASSIVE MIMO UNLICENSED SCHEDULING
In this section, we discuss scheduling operations for the proposed mMIMO-U system. We first detail the necessary procedures for a BS to acquire channel state information (CSI) from the neighboring Wi-Fi devices. Then we discuss the spatial resource allocation, i.e., how to choose the number of spatial d.o.f. to be allocated for Wi-Fi interference suppression and for UE multiplexing, respectively. Finally, we devise a UE selection scheme for choosing the UEs to be served in the unlicensed band. The sequence of operations presented in this section takes place at every Wi-Fi channel coherence interval, and is outlined in the three leftmost blocks of Fig. 2 .
(1)
A. Wi-Fi Channel Covariance Estimation
In order to suppress interference to/from Wi-Fi devices, each BS i requires information about the BS-to-Wi-Fi channels. In our proposed mMIMO-U system, BS i periodically obtains the channel subspace occupied by neighboring Wi-Fi devices through a channel covariance estimation procedure, presented in the following.
Throughout the channel covariance estimation procedure, all BSs remain silent, and thus each BS i receives the signal
which consists of all transmissions from active Wi-Fi devices and a noise term
, which can be defined as
where the expectation is taken with respect to L a , s, and η. Then, BS i can obtain an estimate Z i of Z i via a simple average over M c symbol intervals as [24] 
where the value of M c must be sufficiently large to ensure that all neighboring Wi-Fi devices were active. Other possible approaches to channel covariance matrix estimation are discussed in [25] and references therein. It is obvious that the operation in (6) incurs an overhead, and an inherent trade-off exists between improving the quality of the estimate in (6) and reducing the overhead. Given the estimate Z i , BS i applies a spectral decomposition, obtaining
where the columns of
form an orthonormal basis, and
contains a set of eigenvalues, such that
Then, with the proposed mMIMO-U operations, BS i can allocate a certain number of spatial d.o.f., denoted as D i , to suppress interference to/from the dominant directions of the Wi-Fi channel subspace. As it will be shown in Section V, a sufficiently large value of D i is required in order to ensure coexistence. Note that a different unlicensed frequency channel can be selected when the presence of a Wi-Fi device is detected too close to the cellular BS. In order to allow such d.o.f. allocation procedure, let us now define the matrix
whose columns contain the D i dominant eigenvectors of Z i . For a sufficiently large D i , range{ i } represents the channel subspace on which BS i receives most of the Wi-Fi-transmitted power. Since Wi-Fi uplink/downlink and BS downlink transmissions share the same frequency band, channel reciprocity holds. Therefore, the power transmitted by BS i on range{ i } represents the major source of interference for one or more Wi-Fi devices.
B. Spatial Resource Allocation
From the Wi-Fi covariance estimate in (6), each BS performs spatial resource allocation. In particular, each BS calculates the number of UEs K i to spatially multiplex in the unlicensed band and the number of spatial d.o.f. D i to be allocated to suppress interference to/from neighboring Wi-Fi devices. To this end, a variety of criteria can be employed to select the pair (K i , D i ), which must satisfy
The inequality in (10) We refer the reader to [22] for a relevant study on the choice of K i .
C. UE Selection
Power emissions in the unlicensed band are strictly regulated. In some countries, the maximum allowed transmit power decreases with the number of antenna elements, if these are used to focus energy in a particular direction [27] . This means that the coverage area of mMIMO-U BSs may be limited, and only UEs sufficiently close to the BS should be scheduled in the unlicensed band. Moreover, when cellular BSs and WiFi devices simultaneously operate in the unlicensed band, the Wi-Fi-to-UE interference may degrade the cellular downlink rates. Therefore, a mMIMO-U BS should select UEs that are not in the proximity of a Wi-Fi device.
In light of the above, and based on information available from protocols currently implemented, we propose for each BS i to rank the associated cellular UEs according to the following metric
Intuitively, μ ik represents a measure of the average SINR received at UE k in cell i during a non-precoded broadcast signal transmission. The metric in (11) accounts for the average channel gain between the UE and: the serving BS, other BSs, and Wi-Fi APs. In practical implementations, μ ik can be obtained via the two following steps.
• An accurate estimation ofh iik can be obtained at the UE through downlink measurements on the cell reference signal (CRS), by subtracting the reference signal power (signaled by the BS) from the reference signal received power (RSRP) [28] , [29] . The fast fading componenth iik is removed by filtering the measurements over a time window [30] . Applying the same procedure on the CRS transmitted by other BSs yields the termsh i ik , i ∈ I \i . • The value ofq ik can be obtained through the automatic neighbor relations (ANR) function, where BS i requests UE k to report Wi-Fi measurements that contain the received signal strength indicator (RSSI) from Wi-Fi AP [31] . Typically, few dominant termsq ik are sufficient to estimate μ ik , as the UE is unlikely to be close to a multitude of Wi-Fi APs at the same time. The above measurements can be fed back by the UE to the BS on a licensed control signaling interface [17] . The BS then selects the K i UEs with the highest metric μ ik for transmission in the unlicensed band. UEs that are not selected, e.g., because they are co-located with a WiFi device, may be scheduled for transmission in the licensed band, or may wait to be rescheduled when their channel conditions have varied, e.g., because the UE or Wi-Fi are not transmitting or their positions have changed.
The advantage of using the proposed metric μ ik instead of instantaneous CSI for scheduling purposes lies in the fact that μ ik varies on a slow scale. Thus, feedback from the UEs does not need to be requested at every BS-UE channel coherence interval, and the resulting overhead is lower.
IV. MASSIVE MIMO UNLICENSED TRANSMISSION
The main operations we propose to perform at the mMIMO-U BSs for data transmission are: enhanced LBT, UE pilot request and channel estimation, and precoder calculation, as outlined in the four rightmost blocks of Fig. 2 . In all of the above operations, the large number of transmit antennas available at the BSs is exploited to suppress interference to/from neighboring Wi-Fi devices, so that both cellular BSs and Wi-Fi devices can simultaneously use the unlicensed band.
A. Enhanced Listen Before Talk
In order to comply with the regulations in the unlicensed band, each BS must perform LBT before any data transmission [15] . In current coexistence approaches, such as LAA, a transmission opportunity is gained by BS i if the sum power received from all devices using the same band falls below the regulatory threshold for a designated time interval, i.e.,
where z i [m] is given in (4), and the duration M LBT is given by a distributed inter-frame space (DIFS) interval plus a random number of backoff time slots [9] . The process in (12) is also known as energy detection. LBT may be sometimes conservative allowing for the transmission of either a single BS or a Wi-Fi device within a certain coverage area, thus preventing spatial reuse of the same unlicensed band.
In the proposed mMIMO-U system, the LBT phase is enhanced as follows. When BS i listens to the transmissions currently taking place in the unlicensed band, it filters the received signal z i [m] with the D i spatial nulls defined in (9) . Let us define the following matrices
which projects a vector onto the subspace range{ i }, and
which projects a vector onto null{ i }. A transmission opportunity is then gained by BS i if the condition
holds for M LBT symbols. In other words, since the channel subspace range{ i } is occupied by neighboring Wi-Fi devices, BS i may transmit downlink signals on the channel subspace null{ i } only, and it must ensure that no concurrent transmissions are detected on null{ i }. This is accomplished by measuring the aggregate power of the received signal filtered through the projection (15) is met. Therefore, unlike conventional LBT operations, the enhanced LBT (e-LBT) phase allows both mMIMO-U BSs and Wi-Fi devices to simultaneously access the unlicensed band.
B. UE Channel Estimation
Once the LBT procedure has succeeded, in order to spatially multiplex the K i selected UEs, BS i requires knowledge of their channels h iik , k ∈ K i . UE CSI may be obtained via pilot signals transmitted during a training phase at every BS-UE channel coherence interval, where coexistence between uplink pilots sent by UEs and Wi-Fi transmissions must be guaranteed. In the proposed UE channel estimation phase, BS i addresses the selected UEs with a request to send pilots (RTSP) message, as shown in Fig. 3 . The RTSP message is transmitted on the subspace null{ i }, such that interference generated at neighboring Wi-Fi devices is suppressed. 3 The addressed UEs respond by simultaneously transmitting back omnidirectional pilot signals after a short inter-frame space (SIFS) time interval [9] . 4 Let the pilot signals span M p symbols on each coherence interval. The pilot transmitted by UE k in cell i is denoted by v i ik ∈ C M p , where i ik is the index in the pilot codebook, and all pilots form an orthonormal basis [32] , [33] . Each pilot signal received at the BS suffers contamination due to pilot reuse across mMIMO-U cells and due to concurrent Wi-Fi transmissions. The collective received signal at BS i is denoted as Y i ∈ C N×M p and given by
where
, N i contains additive noise at BS i during pilot signaling, and P j k is the power transmitted by UE k in cell j . We assume fractional uplink power control as follows [34] , [35] 
where P max is the maximum UE transmit power, P 0 is a cellspecific parameter, α is a path loss compensation factor, and h j jk is the slow fading measured at UE k in cell j based on the RSRP [28] , [29] . The aim of (17) is to compensate only for a fraction α of the path loss, up to a limit imposed by P max .
The received signal Y i in (16) is processed at BS i by (i) correlating it with the known pilot signal v i ik , and (ii) projecting it onto null{ i }. The above operations respectively reject interference from (i) orthogonal pilots, and (ii) neighboring Wi-Fi transmissions. BS i thus obtains the following CSI estimate for UE k in cell i [36] 
where intra-cell pilot contamination is not present since BS i allocates different pilots for different UEs in cell i .
C. Precoder Calculation and Data Transmission
Thanks to the plurality of transmit antennas, BS i is able to spatially multiplex K i UEs, while forcing D i nulls on the channel subspace range{ i } occupied by the neighboring Wi-Fi devices, as depicted in Fig. 1 .
Let us define the estimated fast-fading channel matrix H i ∈ C N×K i as 
where the constant ζ i is chosen to normalize the average transmit power such that
The precoder in (20) employs the estimated channels obtained in (18) The achievable rate at cellular UE k in cell i is given by
where the SINR ν ik is given by (2) using (20) as the precoder, the notation ½ denotes the indicator function, and A i is the event of successful e-LBT operation defined in (15) . To avoid loss of generality by considering channel-specific parameters, in (22), we have omitted a multiplicative factor accounting for the overhead incurred by Wi-Fi channel covariance estimation, UE CSI acquisition, and e-LBT. The expected cellular rate per BSR CELL is then obtained as
where the expectation is taken with respect to all channel realizations and Wi-Fi traffic dynamics.
V. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed mMIMO-U operations. We perform system-level simulations according to the scenario and methodologies described in Table I , unless otherwise specified. We first demonstrate the coexistence enhancement provided by mMIMO-U with respect to a conventional approach without Wi-Fi interference rejection. Then, we quantify the cellular data rates achievable in the unlicensed band. We also reveal the effect of an imperfect Wi-Fi channel covariance estimation. Finally, we discuss how the mMIMO-U spatial resources should be allocated as a trade-off between Wi-Fi interference suppression and cellular beamforming gain.
A. Enhanced Coexistence
Figures 4 and 5 show coexistence in the unlicensed band from the perspective of Wi-Fi devices and cellular BSs, respectively, comparing the proposed mMIMO-U to a conventional approach, where no Wi-Fi interference suppression is performed. The Wi-Fi channel covariance is computed via (5) , and the behavior of both schemes is evaluated with an identical number of BS antennas. Figure 4 shows coexistence in the unlicensed band from the perspective of Wi-Fi devices (both APs and STAs), assuming that cellular BSs have gained access to the unlicensed medium. The figure shows the cumulative distribution function (CDF) of the aggregate interference received by a Wi-Fi device, obtained from (3). With mMIMO-U, Wi-Fi devices are able to access the unlicensed band while BSs are transmitting. In fact, for N ≥ 32, the aggregate interference is always below the regulatory threshold γ LBT = −62 dBm. On the other hand, with a conventional approach, Wi-Fi devices might not have access to the channel because the interference they receive is above γ LBT . Moreover, Fig. 4 shows that even when below the threshold, the aggregate interference received with a conventional approach is 50% of the time above −70 dBm, which may affect the quality of Wi-Fi transmissions due to the non-negligible interference generated [47] . This phenomenon is not observed with mMIMO-U, as long as a sufficient number of antennas N is available. Figure 5 evaluates coexistence from the cellular BSs' standpoint, with mMIMO-U and with a conventional approach. It is assumed that Wi-Fi devices have gained access to the unlicensed medium, and the CDF of the interference received by cellular BSs is shown, obtained as the expectation of (15) with respect to the symbols. Cellular BSs implementing the proposed mMIMO-U are generally able to access the unlicensed band, while Wi-Fi devices are transmitting. With N = 16 and N = 32 antennas, the aggregate interference received by the BSs is 90% and 100% of the time below the threshold γ LBT , respectively. On the other hand, BSs that perform conventional operations incur repeated backoffs, since their received interference is 87% and 96% of the time above γ LBT , respectively. Increasing the value of N with the conventional approach yields a larger interference at these BSs, because more aggregate power is received. Instead, the proposed mMIMO-U drastically reduces such interference for increasing N, since an increasing number of d.o.f. are allocated for interference suppression.
B. Achievable Data Rates
Figures 6 and 7 show the data rates per cellular sector, obtained as in (23) . In Fig. 6 , perfect knowledge of the channel covariance in (5) is assumed, whereas Fig. 7 captures the effects of an imperfect covariance estimation. Moreover, note that Wi-Fi inter-cluster interference and collisions are neglected, Wi-Fi devices in a cluster are assumed active one at a time, and all rates provided by Wi-Fi APs are assumed equal to 65 Mbps when they gain access to the channel [9] . 7 Figure 6 shows four curves: (i) the Wi-Fi rates achievable with mMIMO-U; (ii) the cellular rates achievable with mMIMO-U; (iii) the Wi-Fi rates achievable when no cellular transmissions take place; and (iv) the cellular rates achievable when no Wi-Fi transmissions take place. Note that (iii) and (iv) can be regarded as upper bounds for (i) and (ii), respectively. The following observations can be made from Fig. 6 . First, for N ≥ 32, the Wi-Fi rates achieved by mMIMO-U are constant across all values of N and equal to the maximum value of 130 Mbps per sector. This reflects the fact that devices from both Wi-Fi clusters in the sector can access the medium 100% of the time, since the received interference is always below γ LBT as shown in Fig. 4 . Second, cellular rates with mMIMO-U are affected by the number of BS antennas N. For example, while 270 Mbps are achieved with N = 16, cellular rates above 600 Mbps and 800 Mbps can be obtained by increasing N to 48 and 112, respectively. In fact, as shown in Fig. 4 , a larger number of antennas also allows to suppress more interference to/from Wi-Fi devices, while leaving more spatial d.o.f. to multiplex cellular UEs with a larger array gain. Third, as the number of antennas N grows, the gap between the cellular rates and the upper bound does not vanish since it is also due to the Wi-Fi-to-UE interference. Figure 7 draws the attention to two effects caused by inaccuracies in the Wi-Fi channel covariance estimate: degradation of the cellular rates and increased interference generated at Wi-Fi devices. To illustrate these phenomena, we show the achievable cellular rates and the 5th-percentile of I :→ in (3), i.e., the 5%-worst interference received by Wi-Fi devices during mMIMO-U operations. Both quantities are plotted versus the number of Wi-Fi samples M c used to compute the estimate in (6) . The figure shows that as the number of samples M c increases, the following occurs: the cellular rates grow, because the success rate of the e-LBT phase increases; and the interference at Wi-Fi devices diminishes, because the accuracy of the nulls increases. The value of M c required to achieve large rates grows with N. Therefore, the Wi-Fi channel coherence interval poses a physical limitation to the number of BS antennas that can be effectively exploited [24] . suppress Wi-Fi interference; and (iv) more Wi-Fi clusters correspond to lower cellular rates, because a larger Wi-Fi-to-UE interference is received. Figure 9 shows the 5%-worst interference received by Wi-Fi devices. Similar observations can be made: (i) as D i increases from low values up to a worst point, interference increases because more cellular BSs activate after successful e-LBT, thus more transmissions are generated; (ii) as D i keeps increasing beyond the worst value, the interference decreases because more d.o.f. are employed to suppress it; (iii) the optimal value of D i increases with the number of Wi-Fi clusters per sector, because more nulls should be employed to suppress Wi-Fi interference; and (iv) for a given D i , more Wi-Fi clusters correspond to larger interference, because Wi-Fi devices tend to occupy more spatial dimensions, out of which only D i can be nulled.
C. Spatial Resource Allocation
VI. CONCLUSION
A. Summary of Results
We considered a mMIMO-U network, where massive MIMO cellular BSs and Wi-Fi devices operate in the same unlicensed band. We designed the main mMIMO-U scheduling and transmission operations to be performed at the BSs to enhance cellular/Wi-Fi coexistence. The scheduling procedures can be executed in a distributed fashion and include acquiring channel state information from the neighboring Wi-Fi devices, allocating spatial resources for Wi-Fi interference suppression and UE multiplexing, and selecting a suitable set of UEs to be served in the unlicensed band. For the transmission phase, we proposed to perform enhanced listen before talk, followed by UE pilot request, UE channel estimation, and precoder calculation. All along the mMIMO-U operations, the large number of BS antennas is exploited to suppress interference to/from neighboring Wi-Fi devices. As a result, Wi-Fi devices may access the unlicensed band as though no cellular transmissions were taking place, and vice versa. This enhances spatial reuse.
We evaluated the performance of mMIMO-U through simulations. Our results demonstrated the coexistence enhancement provided by mMIMO-U with respect to a conventional LAA-like approach. In fact, provided that cellular BSs are equipped with a sufficient number of antennas, mMIMO-U ensures that the mutual interference between cellular BSs and Wi-Fi devices falls below the regulatory threshold. We showed that large cellular data rates can be achieved without significantly degrading the performance of Wi-Fi networks deployed within the coverage area of a cellular BS. We finally discussed how the spatial resources made available by mMIMO-U should be allocated by compromising Wi-Fi interference suppression for cellular beamforming gain.
B. Future Work and Discussion
This work is suitable for several extensions from the system model, design, and deployment perspectives:
• Model: Accurate traffic models are desirable for Wi-Fi devices and multiple operators sharing the same unlicensed band to evaluate how well BSs can estimate the channel covariance in (5). The rate computation at Wi-Fi devices should also account for these traffic models, since even when the received interference falls below the regulatory threshold, it may still affect the data rates [47] .
• Design: While in the current paper we focused on cellular downlink, appropriate procedures for mMIMO-U uplink should be defined. Coexistence between UE-to-BS transmissions and Wi-Fi transmissions must be guaranteed. One possible way to accomplish this would be to have BSs obtain access to the medium, and reserve it for their UEs to send uplink data in a synchronous manner.
• Deployment: An alternative strategy to the mMIMO-U scenario considered in this paper could consist of a more dense deployment of smaller low-power BSs, equipped with fewer antennas, covering smaller areas, and thus having to coexist with fewer Wi-Fi devices. Such deployment could allow, e.g., enterprise owners to rollout high-performing indoor coverage without purchasing licensed spectrum from mobile network operators.
A final remark is due on emission regulations in unlicensed bands. Currently, in some countries, the maximum transmit power must be reduced for an increasing number of antennas, if the corresponding d.o.f. are used to focus energy in a particular direction [27] . The scheme considered in this paper employs a large number of d.o.f. for UE multiplexing and Wi-Fi interference suppression, which led us not to account for the above guidance. Indeed, we expect future regulations to contemplate this aspect and consider adjustments to the guidance.
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